Gamma-ray emission in pulsar magnetospheres is attributed to synchrotron radiation, which tends to decrease the pitch angle of the particle, being balanced by plasma processes tending to increase the pitch angle. The plasma processes are nonresonant instabilities which drive nonresonant quasilinear di usion (NQD), thereby pumping energy from waves and the particle's parallel motion into the particle's perpendicular motion. It is shown that NQD can maintain the pitch angles for particles near the lightcylinder such that they radiate synchrotron radiation at MeV energies. Compared to conventional emission mechanisms (such as polar cap or outer gap models), the resulting spectrum has a relatively low upper cut-o from about a few to 100 MeV. Possible observational consequences of this mechanism are discussed.
INTRODUCTION
Among all pulsars discovered so far, only a small fraction emit -rays (e.g., Ulmer 1994). These high-energy pulsars are usually young and have strong magnetic elds > 10 12 G.
There are currently two main types of model for pulsar high energy emission (e.g., Arons 1996) : polar cap and outer gap models.
In polar cap models both the acceleration of particles and the emission of the gamma rays occur near polar caps (e.g., Daugherty & Harding 1982 , 1994 Harding, Ozernoy & Usov 1993; Usov 1994; Usov & Melrose 1996) . Primary particles are accelerated in a parallel (to the magnetic eld) electric eld, up to a maximum energy less than maxmec 2 e max = 10 7 (1 s=P) 2 (B =10 8 T)mec 2 , where max = 0:5 4 c cBR0 6:6 10 12 V (1 s=P) 2 (B =10 8 T)
is the maximum possible potential across the polar cap, c = ( R0=c) 1=2 = 1:45 10 ?2 (1 s=P) 1=2 is the opening angle of the polar cap, P is the pulsar period, R0 is the star's radius, and B is the pulsar magnetic eld on the polar cap. The primary particles trigger an e pair cascade through curvature radiation or inverse Compton scattering. Secondary and tertiary particles produced from cascades have nonzero pitch angles and can emit synchrotron radiation, but their curvature radiation is not important. Thus, in the polar cap model, the overall spectra should consist of curvature radiation from primary particles, and synchrotron radiation from secondary and tertiary pairs, together with inverse Compton radiation.
In outer gap models (e.g., Cheng, Ho & Ruderman 1986) , the particles are accelerated and radiate near the light cylinder. The dominant pair cascade process is collision of high-energy photons produced through inverse Compton scattering. As in the polar cap model, secondary and tertiary e contribute to -ray spectra through synchrotron radiation. A common feature of the two types of model is that synchrotron emission results from a pair cascade, as the particles in the strong magnetic eld rapidly relax to a one-dimensional motion along the eld lines. In both cases the emission arises predominantly from the cascade region itself.
In this paper, we propose a di erent mechanism for pulsar -ray emission, based on a plasma-physics e ect. As in the other models, the gamma rays are produced by synchrotron radiation, but in our models the particles maintain a nonzero pitch angles even far from the cascade region. The process invoked to maintain the nonzero pitch angle is nonresonant quasilinear di usion (NQD), which tends to increase the pitch angle, and is opposed by synchrotron radiation which tends to decrease the pitch angle. NQD is driven by a nonresonant instability in the plasma, and may be interpreted as the back reaction on the distribution of particles to the transfer of free energy from the particles to the waves in the instability. In this sense, NQD is similar to the more familiar resonant quasilinear di usion (RQD), which describes the back reaction on the particles of emission or absorption of waves due to a resonant wave-particle interaction. In a nonrelativistic plasma, a familiar nonresonant instability is the garden-hose instability considered by Rosenbluth (1956) and by several other authors (e.g., Chandrasekhar, Kaufman & Watson 1958; Shapiro & Shevchenko 1964; Lominadze, Machabeli & Mikhailovski 1979) . NQD in the nonrelativisc 1999 RAS tic case has been studied in detail (e.g., Davidson 1972; Shapiro & Shevchenko 1968) . Volokitin, Krasnosel'skikh & Machabeli (1985) and Machabeli, Vladimirov, Melrose & Luo (1999) considered the relativistic generalization of NQD theory. NQD tends to stabilize a nonresonant instability by modifying the distribution function of the particles in such a way as to reduce the growth of the instability. For any instability, such as the garden-hose instability, driven by an excess (compare to an isotropic distribution) of parallel over perpendicular energy, the redistribution results in an increase in the perpendicular energy. In our model it is assumed that perpendicular energy transferred to the particles is radiated away as synchrotron radiation, producing the observed gamma rays.
Of central importance in the model proposed here is that a nonresonant instability is driven by the anisotropy in the particle distribution. There is a strong argument that this must occur. Due to synchrotron losses the escaping pairs are expected to be all in their lowest Landau orbital as they leave the inner magnetosphere. It is known that such a onedimensional distribution is garden-hose unstable in a pulsar magnetosphere, but this instability is ine ective inside the light cylinder (e.g., Gedalin, Melrose & Gruman 1998) . Provided some other nonresonant instability driven by the anisotropy does develop inside the light cylinder, the theory developed here is applicable. A speci c nonresonant instability, due to a three-wave interaction, that satis es this requirement was discussed recently by , and it is this instability that we invoke here. It results in superluminal Langmuir-like waves, which cannot be resonantly damped by the particles. The free energy is in the parallel motion of the particles, and this is transferred partly to these waves and partly to the perpendicular energy through NQD.
The theory of NQD is outlined in Section 2, with the details in an Appendix. The synchrotron radiation expected in the model is discussed in Section 3, and application to pulsar high-energy emission is discussed in Section 4.
NONRESONANT QUASILINEAR DIFFUSION
Plasma instabilities can develop due either to resonant or to nonresonant wave-particle or nonlinear wave-wave interactions. A familiar examples of a resonant wave-particle interaction is the Cerenkov resonance in which the velocity of fast particles equals the phase velocity of the relevant waves and this can result in a beam-plasma instability. When the beamplasma instability develops, the particle distribution evolves through RQD, which tends to stabilize the instability (e.g., Melrose 1986, p. 48) . When the plasma instability is due to nonresonant wave-particle interaction, a similar quasilinear di usion process occurs due to nonresonant wave-particle interaction.
Nonresonant instabilities
The speci c nonresonant instability proposed recently by is for superluminal Langmuir waves modulated by two transverse waves. Possible existence of superluminal Langmuir waves in pulsar magnetospheres was discussed by several authors (e.g., Lominadze, Mikhailovskii & Sagdeev 1979; Volokitin, Krasnoselskikh & Machabeli 1985; Lominadze et al. 1986; Rowe 1994; Gedalin et al. 1998) . Because the phase speed is larger than c, the waves are not Landau damped. Consequently, any growth of these superluminal Langmuir waves in the pulsar magnetosphere, can lead to a considerable energy being stored in them. have shown that modulational instability of superluminal Langmuir waves by the beat wave with low-frequency ! t ? ! 0t can develop, where ! t , ! 0t are the frequencies of the two transverse waves. Due to the instability, particles can gain energy from the waves through NQD.
Nonresonant quasilinear di usion
In NQD the particle distribution function, f, satis es a diffusion equation that can be approximated by (Volokitin et al. 1985; ? =@t > 0. Because of NQD, there is energy re-distribution among the particle's parallel, perpendicular motion and waves. The net result is that a particle's parallel energy decreases and its perpendicular energy increases. This result is similar to the nonrelativistic case discussed by Davidson (1972) . NQD proceeds until the instability ceases (i.e. @B 2 ? =@t = 0). The result given by Eq. (2a) and Eq. (2b) is general and applies to any instability that occurs well away from the wave-particle resonance and in which the growth of magnetic uctuations is signi cant. Note that an increase in perpendicular energy can also be achieved through resonant wave-particle interaction such as anomalous Doppler e ect discussed by Shapiro & Shevchenko (1968) , Machabeli & Usov (1979 1. Thus, on average the di usion process transfers the wave energy, mainly in magnetic uctuations, and particle's parallel energy to the particle's perpendicular motion. In the example considered in Sec. 2.1, the magnetic uctuations are of the beat wave of two high-frequency transverse waves (for the detailed discussion, see .
We wish to estimate the pitch angle, and for this purpose it is convenient to regard Eqns. (1)- (3) as the equations in the plasma rest frame and we need an estimate of B?=B0 (now B? is the perppendicular component of the magnetic eld in that frame, while B0 is una ected by the Lorentz transformation). Since an energetic beam is the likely energy source of the waves, a plausible upper limit to the energy density in the waves is given by the energy density in the beam particles. This limit applies in the plasma rest frame, in which there is no bulk streaming motion. As the wave energy density in this frame is at most the order magnitude of the beam particle energy density, which corresponds to where e = eB=me is the cyclotron frequency. As the parallel magnetic eld is una ected by the Lorentz transformation, we assume B0 = B (R0=R) 3 for a dipole magnetic eld inside the light cylinder. Since / R 3=2 (inside the light cylinder), the maximum pitch angle can be obtained only near light cylinder.
SYNCHROTRON RADIATION
As a particle acquires pitch angle, it emits synchrotron radiation with characteristic frequency, !0 = (3=2) e 2 where is the Lorentz factor of radiating particles in the plasma rest frame (Rybicki & Lightman 1979; Melrose 1980) . In the pulsar frame, the maximum frequency of the synchrotron emission, which is de ned to be the typical frequency corresponding to the maximum pitch angle. This frequency in the pulsar frame is 
where = 2?s , obs = =2?s are respectively the Lorentz factor and the pitch angle in the pulsar frame. Note that Eq. (5) is valid only for the particle energy satisfying the condition 1 (as we only consider synchrotron emission). From (4) with R = 10 2 R0, B = 10 8 T, P = 0:1 s, this expression requires 4 10 4 (?s=10) 2 (5 10 6 = b) 1=2 (in the pulsar frame). Consider radiation from the background plasma. The e distribution is quite broad, due to the large dynamic range of pair cascading, say from p = 10 to > 10 5 (in the pulsar frame; cf. Arons 1981) . Thus, synchrotron emission can occur for particles in the high energy tail. We estimate !max 10 18 s ?1 for p = 5 10 4 , P = 0:1 s, ?s = 10, b = 5 10 6 . Thus, for su ciently energetic background plasma in fast rotating pulsars (e.g. the Crab pulsar, the Vela pulsar), emission can be in the optical or even the soft X-ray region.
Next consider radiation from the beam of energetic primary particles. Eq (5) Particles with initial would relax to the lowest Landau state within a very short time scale, ts 1 (in the rest frame). To achieve sustained emission, one needs to continue to pump energy into the particle's perpendicular motion in a characteristic time scale shorter than ts, given by Eq. (7). Since t? 5 2 tz (cf. Sec. 3), one requires ts > t? 5 2 tz. To estimate tz, we consider the fact that in the equilibrium the parallel di usion time should equal to the growth time of the relevant plasma instability. Since no detailed model of the plasma instability is used here, it is reasonable to assume that the latter should not be longer than the ow time of the plasma, RLC=c = 1= (where RLC is the light-cylinder radius), which is typically less than 1 s. Therefore, given the very small 2 (typically 10 ?8 ) and tz 1 s, the condition ts > t? is satis ed.
Synchrotron power
To estimate the total power radiated in the pulsar frame, we use the fact that Ptot in Eq. (6) is a Lorentz invariant, cf. Rybicki & Lightman (1979) . Using Ptot = Ptot, we ob- and obtain Lsyn 10 34 erg s ?1 using the above parameters.
It is sometimes useful to derive the angular distribution of emitted power. The synchrotron power radiated by an electron (or positron) per unit solid angle ( a) in the plasma rest frame is given by (Johner 1988) d
where is the viewing angle in the rest frame, G( ) is the anisotropy factor, describing how emission is con ned within 1=2 , Ptot is the power integrated over all directions, given by Eq. (6). The full expression for G( ) is given by Johner (1988) The angular distribution of the mean power radiated by individual particles in the observer's frame can be obtained from Eq. (6) by a Lorentz transform (e.g., Rybicki & Lightman 1979; Zheleznyakov 1996) 
APPLICATION TO PULSAR HIGH-ENERGY EMISSION
Recently Fierro et al. (1998) re-analyzed the rst 3.5 years of observation data from EGRET for the three brightestray pulsars, the Crab, Geminga, and Vela pulsars, and they produced more detailed phase-resolved -ray spectra. The three pulsars have similar pulse pro les with double peaks and spectra varying with rotation phase. In the polar cap model, the double-peak pro le can be interpreted either as the aligned e ect or as a near-orthogonal rotation e ect. In the former case, the double peaks are attributed to the line of sight cutting through a hollow-cone emission region, while in the latter, the double-peak is due to emission from two opposite poles. Their result shows that in most cases, spectra can be tted by a single power-law in the energy range from 10 2 {10 4 MeV with a cut-o at 10 GeV. Compared to earlier results (e.g., Nolan et al. 1993; Ramanamurthy et al. 1995) , there is an excess (possibly a soft component) near or below 100 MeV, a feature similar to the earlier result of Kanbach et al. (1994) for Vela, suggesting a possible spectral break. Since there is a possible systematic error in the EGRET data below 70 MeV (Kanbach et al. 1994; Fierro et al. 1998) , the existence of such components should be regarded as an open question. For the Crab pulsar, the soft component is quite prominent, showing a clear break and varying little with rotation phase implying that it is not sensitive to the details of the structure inside the open eld line region (e.g., the hollow-cone structure). One possibility is that part of this component may come from some di erent mechanism since emission from e cascading (as in conventional polar cap models) should vary strongly as the line of sight cuts across open-eld-line cone. Fierro et al. (1998) suggested that part of the soft component is due to emission from the Nebula outside the pulsar. Future more accurate observation is called for to verify whether the soft component is pulsed emission.
Below we discuss the likely contribution to the -ray spectra by the mechanism discussed in the previous sections and in particular we consider radiation by the primary beam. We rst estimate the maximum Lorentz factor of the beam particles near the light cylinder where the particles can acquire the maximum pitch angles. We assume that particles have initial Lorentz factor 0 through polar gap acceleration and that the main energy loss is curvature radiation with the energy loss rate, _ = ?(2cre=3R 2 c ) 4 , where re = e 2 =mec 2 = 2:82 10 ?15 m is the classical radius of electron. Using Rc (Rc= ) 1=2 for a dipole eld, one can calculate the asymptotic Lorentz factor near the light cylinder (12) can be interpreted as the critical Lorentz factor only above which energy loss due to curvature radiation is important. For 0 c, we have f c, and for 0 c, we have f 0. Thus, in any case, we must have c. Eq. (11) is not sensitive to the exact location of acceleration as long as it occurs well inside the light cylinder. Now, assume the beam particles with maximum Lorentz factor, c, undergo NQD and emit synchrotron radiation. To estimate the synchrotron photon energy, we write the maxi- 
for ?s = 10. For the Crab pulsar with P = 0:033 s, B = 6:6 10 8 T, we have c = 4 10 6 and "max 21 MeV. For Vela and Geminga, assuming ?s = 10 we have "max 27 MeV, and 22 MeV. Young pulsars generally have hot polar caps, due to either polar cap heating or simply to the cooling of the neutron star, and thus, inverse Compton scattering, enhanced by cyclotron resonance, can be the main mechanism for initiating e cascades near the polar cap (e.g., Luo 1996) . If the electric eld is screened out at the pair production front (PPF), formed by pair cascades by resonant inverse Compton scattering, the maximum Lorentz factor that particles can achieve is much less than the value given by Eq. (12) (e.g. Luo 1996; Luo & Protheroe 1998) . Hence, one expects the characteristic photon energy to be lower than the value given by Eq. (13).
Polar caps are not the only acceleration site. Particles can also be accelerated in regions far from polar caps, e.g., in outer gaps (Cheng, Ho & Ruderman 1986) and in slot gaps (Arons & Scharlemann 1979) . It is possible that some fraction of the GJ ux of particles are accelerated to energies close to max (cf. Sec. 1). In this case, we have higher synchrotron photon energies. For example, for b 10 7 , we have "max 170 MeV. Among -ray pulsars, only PSR 1509-58 has a cut-o at a few MeV. The majority of high-energy pulsars have spectra extending to 10s GeV.
We next estimate the luminosity from Eq. (8). Assuming b = c = 4 10 6 , for the Crab pulsar the luminosity radiated by beam particles is Lsyn 4 10 34 erg s ?1 for R = 10 2 R0, V = 10 6 R 3 0 , suggesting such the component may be observable.
SUMMARY
We discuss a new model for pulsar -ray emission in which particles derive their pitch angles from NQD processes balanced by synchrotron emission. The NQD theory discussed here applies to any instability that develops well away from wave-particle resonance and that has e ective growth of magnetic uctuations. We speci cally consider the instability resulting from superluminal Langmuir waves interacting with two transverse waves. Assuming these waves grow in a pulsar magnetosphere, it is shown that particles can gain nonzero pitch angle in the region close to light cylinder. These particles then emit synchrotron radiation near light cylinder. Both the background plasma and the beam particles can radiate through this mechanism. However, it is shown that the background plasma produces spectra with the characteristic frequency from optical to X-ray region (for p > 10 4 , the tail part of the distribution of the background plasma). The spectra can extend to higher energies if emission by the energetic primary beam is considered. For acceleration near the polar cap, the energy of the beam particles is constrained by Eq. (13) and the spectra extend only to 30 MeV energies. However, for some high-energy pulsars, say the Crab pulsar, the corresponding luminosity is comparable to the gamma-ray luminosity inferred from observation, suggesting that the contribution by this mechanism to the overall spectrum should be observable. For acceleration of the beam particles near the light cylinder, the particle energy, b, can reach much higher than c and the spectra can extend to 200 MeV energies with a higher luminosity. In this case, photons with such high energies may initiate pair cascades, which should be considered in calculating the spectra.
APPENDIX: DERIVATION OF NONRESONANT DIFFUSION EQUATION
To derive the NQ equation, we write particle distribution function in the following form (Davidson 1972; Volokitin, Krasnosel'skikh & Machabeli 1985) f(p;t) = f (0) (p 2 ? ; p k ) 
we obtain Eq. (1) by retaining only the leading terms and writing f (0) simply as f.
